Field potentials were recorded simultaneously from the olfactory bulb (OB), prepyriform cortex (PPC), entorhinal cortex (EC), and dentate gyrns (DG) of rats trained to respond to appetitively reinforced odors. Preafferent anticipatory events in the beta band (12-35 Hz) suggest transmission from EC to OB before the odorant stimulus. Gamma band (35-120 Hz) power in olfactory regions is significantly reduced during stimulus presentation as compared with high values during preafferent expectation. High coherence of OB and PPC gamma activity during the preodorant control period is interrupted before the stimulus and is followed by increased gamma coherence among OB, EC, and DG. These results suggest that olfactory perceptual processing is bidirectional and covers a wide frequency range.
the theta range and have been linked there to respiratory driving (Freeman, 1975 (Freeman, , 1976 Freeman & Schneider, 1982; Kay, Lancaster, & Freeman, 1996) , although coherence between sniffing or OB theta rhythm and the DG theta rhythm is only apparent during contingency reversal learning (Kay, 1995; Macrides, Eichenbaum, & Forbes, 1982) . The beta band (12-35 Hz in this study) has been studied using frequency analysis of local field potentials (Bressler, 1984) . It is often equated with the gamma band (Boeijinga & Lopes da Silva, 1988; Leung, 1992) , and the variability of gamma band frequencies with OB size (Bressler & Freeman, 1980) causes an overlap in the beta and gamma bands across species. Coherence and correlation analyses have shown that within and between olfactory (OB, PPC) and some limbic structures (EC), there are significant events that indicate activity being passed from the periphery inward (Boeijinga & Lopes da Silva, 1988 Bressler, 1987a Bressler, , 1987b . Studies in other animals across broad areas of cortex indicate that large-scale coherence of the electroencephalogram (EEG) is present across systems during perceptually relevant time periods (Bressler, Coppola, & Nakamura, 1993) .
Other studies have shown high levels of intrastructural coherence in the gamma band throughout the OB, PPC, lateral EC, and DG hilar region (Barrie, Freeman, & Lenhart, 1996; Bragin et al., 1995; Leung, 1992; Viana Di Prisco & Freeman, 1985; Witter, Groenewegan, Lopes da Silva, & Lohman, 1989) . In the present study we used single probes to record the field potential in each of these four areas as a measure of this intrastructurally coherent activity. We examined the properties of beta and gamma band oscillations as they were modulated by behavior in the rat olfactory and limbic systems, using a simple operant task pairing a reward with a non-noxious odor stimulus. Careful timing of the odor and reward delivery allowed us to examine 1 Abbreviations: OB---olfactory bulb; PPC--prepyriform cortex; EC---entorhinal cortex; DG---dentate gyrus; LOT lateral olfactory tract; MOT--medial olfactory tract; HPC---hippocampus; EEG---electroencephalogram; ITI--intertrial interval. 541 electrophysiological features of expectation in the gamma and beta bands. We looked not only at the characteristics of these frequency bands within each structure but also at features shared between structures. Based on these data we argue that high coherence in the gamma band in the olfactory system may indicate alert expectancy and that significant input from the EC to the olfactory system is present prior to the stimulus onset.
Method

Surgical Implantation of Electrodes
Four adult male Sprague-Dawley rats (Simonsen Laboratories, Gilroy, CA) were implanted stereotaxically with electrodes (100 ~na stainless steel formvar-coated, bipolar with approximately 1 mm vertical tip separation) in the OB, lateral olfactory tract (LOT), PPC, lateral EC, and hilus of the DG.
Rats were injected subcutaneously with 0.3 cc ketamine rat cocktail (ketamine/xylazine/ACE 0.9 ml/kg), a 22 gauge catheter was inserted in the tail vein, and Nembutal (pentobarbita150 mg/ml, 0.2 cc) was administered intravenously. Successive doses of Nembutal were given to maintain the rat under the surgical plane of anesthesia (0.05--0.1 cc).
An incision was made from just anterior to the eyes to approximately 5 mm posterior to the interanral line. Holes were drilled on the left side of the dorsal surface of the skull at determined stereotaxic coordinates for the placement of electrodes. The temporal muscles were retracted, support screws were inserted in the right and left temporal bones, and wire was wrapped between the two screws, providing a secure mount to the skull. Additional screws were inserted at a 30 ° angle to vertical in the right anterior and posterior dorsal surface of the skull (for reference and grounding wires) and in the left posterior dorsal surface for additional support.
A stimulating electrode was placed stereotaxically in the LOT (2.7 mm anterior to bregma, 14 degrees from vertical, 6-8 mm ventral from the dorsal surface). Stimulation with the LOT electrode was used to place the four recording electrodes (10 V, 0.01 to 0.03 ms duration; 2-4 Hz stimulation rate). Each electrode was lowered until the evoked potentials on the two recording leads were reversed and at zero phase relative to each other, indicating that the two electrode tips straddled the zero isopotential of the generator of the dipole field, as demonstrated in earlier reports (Freeman, 1959 (Freeman, , 1975 . This enabled differential recording across the dipole in cases where a large portion of the signal seen in the spontaneous field activity was reversed on the two electrode tips.
After all electrodes were placed, the ends were inserted into a threaded round nine-hole connector (Carlton University Science Technology Center, Ottawa, Ontario, Canada), and the head mount was built up with dental acrylic protecting the electrode wires. Rats were allowed to recover for at least 2 days before any preliminary recordings were made.
Training
Rats were maintained at 85% of their ad-lib weight with a restricted food intake and unlimited water. The reward for the conditioned stimulus (CS+) was one drop of sweet water (10% sucrose), which the rats drank whenever it was presented without any apparent satiation (even up to 150 rewarded trials). Odors for this experiment were orange and almond food extract injected into a continuous airstream via a computer-controlled olfactometer.
Each trial was 6 s long (schematic in Figure 1 ), with 3 s of prestimulus control (continuous air delivery) and 3 s of odor delivery (injection of the odorant into the airstream), including the penalty and reward periods. Accounting for delays in the olfactometer lines, odor delivery at the port was determined to occur at approximately the 3.5 s-mark in the trial. Rats were conditioned to poke their noses into the odor port with reward delivery inside. At the 3-s mark in each trial the penalty period was started, which lasted until 4 s. If the rat pressed the bar during this period, no reward was delivered even for a subsequent bar press to a CS+. If the rat waited until after the 4-s mark, a bar press on a CS+ trial delivered the reward. Rats learned this to a high degree of reliability (65-95%). The timing of the response was in many cases within 10 ms after the 4-s mark, and in some cases the timing was within 1 ms on either side of the 4-s mark, those occurring just before 4 s being unrewarded. In addition, possibly because of the penalty period, rats did not press the bar for either the control (plain air) or the CS-, even though no penalty was assessed for a bar press with these odors (up to 90% no go with CS-). Although in the prestimulus period a rat might press the bar until just before the penalty period (Figure 2 ), the bar-press behavior after odor delivery was significantly different for the CS+ and CS-trials. Typically, the rats did not press the bar for CS-or control trials, or they pressed only much later as they stepped away from the odor port.
The trials were delivered in a continuous fashion, as indicated in Figure 1 , so that two 6-s trials were separated by a 6-s control trial (not recorded) with delivery of air without odorant (air from an empty bottle was injected into the constant airstream, just as in control trials that were recorded). In some cases the recorded trials were separated by more than one 6-s control trial, but in all cases the trials were delivered continuously. Thus, the rats were maintained on a fixed intertrial interval (ITI) of 12 s. Because of the fixed ITI, effects of expectation could be assessed in the data. The rats learned the timing of stimulus arrival, indicated by behavioral signs observed by the experimenter (leaving the odor port between stimulus deliveries and returning just before the 3-s mark in the subsequent odor or intertrial control trial) and by the presence of bar presses in the prestimulus control period often ending just before the 3-s mark, when there were no indications of odorant delivery or other mechanical sounds such as solenoid clicks ( Figure  2 ). Simple association of the reward with an odor was learned in 1-2 sessions by all rats, and the complete task was learned in 10-21 sessions (training 30 min to 1 hr per day). The 1 rat that was trained in contingency reversal learned the complete reversal during one session in approximately 50 trials.
Recording
Two days after surgery, most rats were lively and responsive, allowing for preliminary recordings to determine the amount of activity seen with the electrodes and whether they maintained a good bipolar placement. In some cases the brain or electrodes shifted after placement (there was no reversal of the signal across the two bipolar leads), so that only differential recordings with reference to the skull screw were possible. It was often the case that only after approximately 1 week were reliable recordings possible from all structures. This was presumed to be due to general postsurgical malaise, which diminished over the space of a few days. Evoked potentials were checked in the rats after surgery and periodically over the weeks or months of the experiment by stimulation with the LOT or OB electrodes.
For each recording session, a cable was plugged into the connector on the rat's head, the fight anterior screw lead was grounded, and the posterior fight or left dorsal screw was used as a recorded trial was an air trial (air from an empty odor container was injected into the constant airstream at the 3-s mark in the 6-s trial). Alternate trials had either CS +, CS-, or control air injected at the 3-s mark. Odor arrival at the sniffing port was at 3.5 s. Rats were trained to refrain from pressing the bar between 3 and 4 s. Pressing during this period disabled the reward for the CS+. Rats refrained from pressing during both the penalty and reward periods for CS-and control trials. B-D: 1.6 s of sample data from experimental trials; B shows resting rat; C shows prestimulus period of CS+ trial; D shows odor identification period of CS+ trial (odor onset is marked with a vertical arrow). OB = olfactory bulb; PPC = prepyriform cortex; EC = entorhinal cortex; DG = dentate gyms; CS = conditioned stimulus. reference for any placements where a good bipolar reading was not available. The amplitude of the differenced signal between reference screws was on the order of one-one hundredth of the differenced signal between any electrode and either reference. Therefore, it was assumed that the references were equal. Because the amplitude of the signals is in the range of 10 ~tV to 1 mV and frequencies of interest are in the range of 3-150 Hz, elimination of 60 Hz noise was critical. The rat was placed in a cage similar to its home cage and this was put in a Faraday cage to diminish noise. A source-following 17-channel JFET headstage cable purchased from NB Labs (Denison, TX) also helped to reduce movement artifact and 60 Hz noise in the recordings. Noise peaks of 60 Hz were not present in power spectra from any of the data used for these analyses.
Data were recorded on a Macintosh FX computer equipped with an AD board (National Instruments, Austin, TX; in-house data acquisition software). The sampling rate was 2 kHz, with a Nyquist frequency of 1 kHz, well beyond the frequencies seen in field potentials of these brain regions (1-200 Hz). Antialiasing filters were set at 1-300 Hz.
Post-Mortem Verification of Electrode Placements
At the end of each experiment rats were injected with a lethal dose of Nembutal (pentobarbital 1.2-2.0 cc ip). The Prussian blue reaction was used to mark the placement of electrodes in the brain. The rat was perfused intracardially with ringer's solution, then with 4% potassium ferrocyanide to stain the tissue around the electrode tips, and finally with 10% buffered formol saline to fix the brain. The skull with the brain and electrodes intact was removed and stored in 10% formol saline to be sectioned at a later time. When sectioning, the top of the skull and electrodes were removed, the skull was placed in the stereotaxic frame, and the brain was sectioned along the original electrode placement coordinates, using the interaural to bregma distance recorded during the original surgery. The electrode tracks in the brain then could be seen as well as the blue stain marking the electrode tip, relative to the brain regions of interest. All rats but 1 were verified in this way. We were unable to perfuse the remaining rat, so the electrode locations were inferred to be correct by the following criteria: (a) evoked potentials recorded at various times during the duration of the Thus, 140 windows were used for each half-second time period in the gamma band and 20 windows for the same time period in the beta band. Biasing of the cross spectrum was avoided by using the coherence spectrum (the cross spectrum normalized by the product of the individual power spectra), and this coherence (squared coherency) was transformed to Z coherence by using the inverse hyperbolic tangent transform, as described elsewhere (Boeijinga & Lopes da Silva, 1988; Brillinger, 1981; Jenkins & Watts, 1968; Wei, 1990) :
and Figure 2 . Bar press signals from five CS+ trials, which indicate the rats' knowledge of the trial timing. An upward step indicates the lever being pressed. In these trials the rat pressed the bar up until or just before the onset of the penalty period (3-4 s) and then made an early and accurate response to the CS+ (bar press after 4 s). This behavior suggests that the rats expected the arrival of the odor stimulus. The heavy vertical bars mark the penalty period. Rats did not press the bar in the control period for all trials. Correct response times varied considerably. During the intertrial period, rats typically left the odor port and explored the cage, often arriving at the sniffing port approximately 1 s before the penalty period. One rat only sniffed at the odor port from approximately 3 s on in each trial. CS = conditioned stimulus.
implant (6 months) were consistent with surgical-evoked potentials and with evoked potentials from other rats with verified electrode placements, both during surgery and in the waking state; (b) placement coordinates were identical to those used for littermates with verified electrode placements (it has been noted by us that littermates are more consistent in the relative locations of brain structures to skull markers than nonlittermates); and (c) the statistical characteristics of the spontaneous field potential from each brain region matched those from rats with verified placements.
Statistical Method
Spectral Analysis
Two frequency bands were analyzed for this study: the beta band (12-35 Hz) and the gamma band (35-130 Hz). These two bands were separated with digital filtering at various pass bands: 3-15 Hz to isolate the low frequency respiratory wave; 10-160 Hz to view broad band activity patterns, removing the respiratory wave; 10--40 Hz to isolate the beta band for single trial analysis and visual inspection of beta band bursts; 3-35 Hz to isolate the theta and beta bands for coherence analysis; and 35-160 Hz, 35-120 Hz, and 35-100 Hz to isolate the gamma band for coherence and single trial analyses.
Because the relative amplitudes of raw data recorded from the different brain regions is more indicative of electrode placement than of known functional significance across regions, all data were normalized to zero mean and unit standard deviation to avoid biasing by large amplitude signals.
Auto and cross-spectra were estimated by first applying a Hamming window (Wei, 1990) to each data window (0.064 s or 0.128 s for gamma band analysis and 0.256 s or 0.512 s for beta band analysis), then taking the fast fourier transform (FFT) and computing the spectra. The spectra were collected for one time window across 20 trials and averaged. Seven half-overlapping 0.128-s windows per 0.512-s time segments were used for the gamma band and one 0.512-s window was used for the beta band.
where fxx (h) is the average autospectral estimate of the first channel, frr (h) is the average of the second channel, andfxr (h) is the average cross spectral estimate of the two channels.
Phase spectra were estimated from averaged complex series over the 20 trials by q}xy (h) = arctan (-Ira~Re), and the phase was unwrapped and displayed (lm and Re denote the imaginary and real components of the FFF). A constant delay between two wide-band coherent signals will produce a linear increase or decrease in phase over the coherent frequency band. Linear regions of the phase spectrum are then easily converted to apparent delay between the two brain structures by At = m/(2"rr), where m is the slope and At is the delay. Negative slope means that the second series of the two appears to lead the first.
Single Trial Time Domain Analysis
Because of the apparent bidirectionality of signals in this system and the inherent nonstationarity of behavioral data, the phase estimates from the spectral measures described above are sometimes noisy. Averaging measures across trials often multiplies the variance in event timing, although we solved this to some extent by choosing to group together trials with similar response times. We more carefully examined the occurrence of these centrifugal events on a trial-by-trial basis. Because centrifugal activity seemed to have delays of greater than 10 ms from the EC to the OB, we selected these events to more carefully analyze their patterns of occurrence.
Because visual inspection of single trials filtered in the various pass bands often indicated events of short duration with high correlation between pairs of structures, a method was devised to single out events of specific interest for further statistical analysis (see Distributions and Significance Tests) . Data were filtered to isolate the band of interest, either beta or gamma (10-40 Hz or 35-120 Hz, respectively), and then a window of set size (256 ms for the beta band, 64 ms for the gamma band) was run along the time series from each brain region for an individual trial. For each window, the power spectrum was estimated separately for each of the two structures being examined. If the two power spectra showed maximum power at the same frequency value, then this was deemed a correlated event. The cross correlation of the two windows was estimated and the offset of the correlation peak from zero was presumed to estimate the relative lag between the events in the two brain regions. The lags and peak correlation values were stored. Where the peak frequencies were not equal, a zero value was stored and no cross-correlation estimate was performed. New time series of the peak frequencies were thus produced from the O (3. with that during odor identification. A: OB gamma (35-120 Hz) and theta (3-12 Hz) activity from one trial. Note the high amplitude bursts in the prestimulus period. Theta band activity in the rat OB follows the respiratory cycle, with inhalations corresponding to the upward (negative) inflection of the field (Kay et al., 1996) , as has been previously observed in rabbits and cats (Freeman, 1976) . The solid gray bar marks the odor period. Sniffs prior to and during the odor period are marked with the black bar. Note the high amplitude gamma bursts during the prestimulus period and their relative absence during the sniffing phase. B: Averaged autospectra (20 trials; eight 0.128 s half-overlapping windows per 0.512 s time window; one for each rat) in the gamma range from 0.512-s periods centered around a prestimulus period (1.75 to 2.0 s, variable per rat; solid line) and the stimulus period (3.5 to 3.75 s, variable per rat; dashed line). Power in arbitrary units is plotted on the x-axis, frequency on the y-axis. Probability values (probability that the distributions are the same) from the paired t tests are shown in the top trace on each graph (right axis); the p = .05 threshold is indicated by the dotted line. Where this curve dips below the dashed line indicates frequency bands where the power spectra are significantly different. The prestimulus low gamma power is significantly higher than that in the stimulus period for all rats. In all but 1 rat, the high gamma power (near 80 Hz) is higher during the stimulus than in the prestimulus segment.
original data from each structure and of the peak correlation and lag values from each pair of structures. These series were examined alongside the original and filtered data in order to look for patterns of events relative to the behavioral markers: prestimulus period (0-1.5 s), expectation period (1.5-3.5 s), odor identification period (3.5-4.0 s), and response period (4.0-5.0 s). The latter two periods were presumed to be variable in length and onset. The stored events were then subjected to statistical analysis of distribution in time.
Distributions and Significance Tests
Differences in power spectra were tested using a paired t test for significance. 2 Power spectra from 512 ms time windows centered 2 Algorithms for computing statistical significance measures in this section were obtained from published libraries (Press et al., 1992) .
around a prestimulus point (1.75-2.0 s) and an odor identification point (3.5-3.75 s) were estimated across 20 trials, and these spectra were subjected to a paired t test (pairing prestimulus and stimulus segments). The significance of the t statistic is evaluated for N -1 degrees of freedom, where N is the number of windows using the incomplete beta function. Probability (p) values shown in Figure 3 indicate the probability that the averaged power spectra are equal.
On the assumption that in a motivated animal (or in a random time series), centrifugal events occur with a uniform distribution, the Z test for significance was used to identify time periods where events seemed to be time locked. This test examines the difference in means between two distributions, or in this case, the difference between one distribution and a normal distribution with the mean at zero (which would correspond to Gaussian noise or to a uniform distribution of events). Events were collected and the presumed uniform distribution was transformed to a Gaussian distribution. This distribution was then analyzed to determine if its mean was significantly different from zero using the Z test for significance. Z scores are standard deviations, and a Z score greater than 2 or less than -2 indicated that the average is significantly different from the center of a given time window, that the transformed distribution is significantly non-Gaussian, and that the original distribution is therefore nonuniform.
Results
Behaviorally related features of the local field potentials were present in the gamma (40-100 Hz) and beta (10-35 Hz) bands. Because of the fixed ITI, the rats were able to learn the trial timing and were observed to anticipate the arrival of the odor stimulus. Figure 2 shows several examples in which a rat pressed the bar until just before the 3-s mark (beginning of the penalty period). The bar was pressed again just after the 4-s mark, delivering a reward. All four rats displayed this or similar behaviors, indicating that they could predict the timing of the odor stimulus, although they did not press the bar in this pattern for all trials. The rats pressed during the 1-s penalty period in very few trials for any odorant. There was a high degree of variability in the distribution of response times, and because of this and the assumed variability in internal timing of endogenously produced perceptual events, data analysis had to cope with additional nonstationarity to that normally encountered in dealing with data from an open system. For most analyses, data were partitioned so that a group of trials all having a response time in a narrow range (4.1-4.5 s) were selected, presumably narrowing the times of occurrence of endogenous events.
Spectral Analysis
Normally high power in the gamma band was observed in both olfactory structures (OB and PPC) in all rats. During the odor identification period and often prior to its onset, power in the low gamma band (45-65 Hz) dropped significantly (see Figure 3) . All rats but one showed an increase in high gamma band power during the odor period and prior to and overlapping with the reward period in CS+ trials. Gamma band power in the EC and DG did not increase or decrease significantly relative to the prestimulus control period.
In the prestimulus period, high coherence was observed between the OB and PPC in all four rats. Figure 4A illustrates the coherence profiles across all pairs of the four brain regions that showed consistent patterns across rats and experiments. Most notable are the apparently inverse relationships of the PPC and DG with the OB. Three of the four rats exhibited this profile. Figure 4B shows the OB-PPC coherence profiles for all four rats. Arrival of the stimulus marks a dramatic switch in the OB-PPC coherence pattern, with a near dissociation of the two structures during the beginning of the odor identification period. In most cases there is a brief resumption of sometimes high coherence in the higher end of the gamma band (near 80 Hz) with the odor identification and prior to the response period. Coherence
Figure 4 (opposite).
Coherence density plots calculated from 20 trials in 0.512 s windows (eight 0.128 s half-overlapping windows per 512 ms window), stepped 250 ms. The y-axis is time (1.25 to 5.0 s trial time) and the x-axis is frequency (35-160 Hz). Color indicates the magnitude of Z coherence calibrated by the scale shown. The times of odor arrival and the average bar press response are marked with vertical arrows. A: Results from pairs of structures that showed consistent patterns across rats. Coherence decreases in the low gamma band for the OB-PPC pair just prior to the odor onset. The coherence pattern for this pair of structures is nearly opposite that for the OB-DG pair. Gamma coherence in the OB-EC and OB-DG pairs increases broadly after the odor onset in all rats. Periods of increased coherence with the OB after the odor onset are accompanied by the general decrease in gamma band power described in Figure 3 . In this rat, OB-PPC coherence increases again after the odor onset. B: OB-PPC coherence plots for all four rats. Note the dramatic decrease in low gamma band coherence with the odor onset. The increase of coherence during the response time in the upper right plot is due to a reward solenoid artifact. Data were examined and determined to be artifact free in all other time periods. C: Gamma band coherence plots for trials taken from a quiet but alert rat (alert resting), calculated as described previously. The low gamma band coherence continues somewhat into the OB-EC pair as opposed to the pattern seen in the behavioral data. The OB-PPC and OB-DG pairs persist in their opposite coherence patterns. D: Theta and beta band coherence plots. These plots were calculated from 0.512 s windows taken across the 20 trials, centered around times from 1.25 s to 5.0 s, stepped 0.250 s. The respiratory band is evident in the OB-PPC and OB-EC plots. Note the lack of coherence in the OB-DG plot in this band, verifying that the olfactory theta rhythm is uncoupled from the hippocampal theta rhythm. OB = olfactory bulb; PPC = prepyriform cortex; EC = entorhinal cortex; DG = dentate gyms.
between the OB and the two limbic regions in the gamma range increased relative to prestimulus periods, although the band was wider than that seen in OB-PPC coherence patterns. The OB-EC coherence covered most of the gamma band. These coherence patterns were compared with coherence patterns in a resting rat, in which the OB-PPC coherence in the low gamma band persisted and was shared somewhat with the EC (Figure 4C ). OB-DG coherence remained low throughout in resting rats.
Beta Band
Beta band activity was distinguished more by phase relationships than the value of coherence. Phase values indicated that prior to the stimulus arrival, several time windows showed a predominance of centrifugal feedback from the EC to the OB.
Trials were identified that had a response time in the early period after the 4-s mark (average response times of 20 trials from each of the four rats were 4.1-4.5 s, with a standard deviation of 33-225 ms). Figure 4D shows the coherence profiles in the 3-40 Hz range from 1 rat (features were essentially the same for all other rats). The only striking feature in these patterns is the strong coherence in the respiratory band in the OB-PPC and OB-EC figures. Note that there is no coherence in this band in the OB-DG relationship, although the EC-DG pair shows coherence in a slightly higher theta band. (Further theta band analysis will be presented in a later article).
Phase analysis of the OB-EC coherence is presented in Figure 5 . Results from each rat are shown. A line was fit to the 10-30 Hz region of the phase spectrum for each 0.512 s of data (stepped 0.250 s) across the 20 trials. The slope was converted to apparent delay, with negative values indicating that the EC signal occurs before the OB signal in that band. Times of occurrence of beta band centrifugal feedback episodes (from EC to OB) ranged from 1.75 s to 3.5 s trial time (the center of a 512 ms window). The apparent delay from the EC to the OB during these periods was estimated to be 10-30 ms in all rats. All rats but 1 also showed an additional beta band centrifugal feedback period just prior to the average response time with a similar delay. Aside from the several apparent feedback periods, all other time windows showed a predominance of feed-forward activity in this band.
Statistics of Single Trial Centrifugal Events
Ongoing activity appears to be bidirectional in all frequency bands when rats are highly motivated, so any centrifugal event associated with motivation or expectation may occur on a regular or uniform basis even in the absence of odor stimuli. Statistical measures were used to assess changes in the pattern of apparent centrifugal events associated with odor identification. Figure 6 shows an example of the single trial analysis employed to pick out the centrifugal events. Only events above a correlation value of 0.5 and with negative lags of greater than 10 ms were chosen for this analysis (negative lags indicate that the EC leads the OB in that frequency band during the time window). The events were assumed to occur with uniform regularity in a highly motivated rat or in a random time series. A significant nonuniformity in the average occurrence time of these events within a l-s time window over 20 trials was presumed to indicate that a time-locked event occurred within that window on average (a decrease, increase, or significantly altered distribution in the number of events locked to a time point or behavioral event in the trial). Figure 7 shows the results from all rats using the Z test for significance. All 4 rats showed significant deviations from the expected uniform distribution during the prestimulus period, IZ score I > 2, indicating that in that period an augmented probability of occurrence of beta band centrifugal events was approximately time locked. That the transformed distribution significantly deviates from normal indicates that the events were not uniformly distributed in the windows centered at these time points but that they were in some way locked to the stimulus time or to another internal signal. In other time periods, the events occurred with a distribution that is indistinguishable from a transformed uniform distribution.
These measures are too gross to determine precedence of these events to odor sniffing, but examination of individual trials (see Figure 6 ) indicates that these events often occur prior to the regular sniffing associated with odor identification and that they overlap with the decrease in high amplitude gamma band bursting in the OB and PPC prior to the odor arrival.
Discussion
The high amplitude gamma bursts (45-65 Hz), first seen in the olfactory system by Adrian (1950) , may be more indicative of alert attentiveness or expectation than of odor processing. These bursts almost disappear prior to the onset of the expected odor stimulus (see Figure 3) , although in 3 of 4 rats high gamma band (centered around 80 Hz) power is significantly increased during the odor period, without the appearance of the classic olfactory bursts. Coherence in the gamma band is high between the OB and PPC during expectation and also in alert resting rats, while coherence between the OB and DG is nearly zero during these same periods (see Figure 4) . With the onset of the odor stimulus, the high coherence in the OB-PPC pair drops dramatically, whereas the coherence of the OB-DG pair increases (see Figure 4 ). Gamma band coherence between the OB and both limbic areas (EC and DG) increases broadly with the onset of the odor stimulus. There is also a direct relationship between expectation and centrifugal limbic (EC) input to the OB, which overlaps in time with the high amplitude gamma bursting (see Figures 5-7 ) and forward transmission of other beta band activity (see Figures 5 and 6 ). Thus, we see a bidirectionally active system, in which significant events are often found not only in individual anatomical structures but also in the relationships between them (coherence and correlation).
We call the expectation period in these trained rats the preafference period (Kay et al., 1996) , defined by the large amplitude coherent low gamma burst activity in the OB and PPC and the EC beta band feedback to the OB, which we call the preafferent signal or event. Examination of individual trials shows that the preafferent events occur often just prior to the odor stimulus (see Figure 6 ). The slopes of linear phase gradients indicate that conduction delays are in the range expected along known or presumed pathways (10-30 ms; see Figure 5 ), with centrifugal input to the bulb being assumed to travel along the more slowly conducting medial olfactory tract fibers (0.5-1 m per s, as opposed to 2.5 m per s for the LOT). Thus, there is a cascade of events during perceptual processing in the olfactory-limbic axis. The preafference period begins with the high amplitude gamma bursts in the olfactory system and ends with the preafferent beta band EC feedback to the OB. The afferent period is characterized by a decrease in periodicity and coherence in the olfactory structures in the low gamma band and an increase in broad gamma band coherence between the OB and limbic areas. Decrease in the power of gamma oscillations also has been observed the visual cortex of anesthetized cats during stimulus presentation (Kruse & Eckhorn, 1996) . In this study, we show that oscillations are attenuated not only during the olfactory attentional task but also up to 0.5 s prior to the stimulus onset during expectancy.
If increased coherence between structures indicates functional coupling, as has been suggested by others (Bressler et Phase spectra (dashed/solid curve, right axis; coherence spectrum is dashed curve, left axis) are estimated from 0.512 s windows centered around a time point stepped at 0.250 s intervals. For each time point the data are collected across the 20 trials and used to calculate the phase spectrum. A line fit to a region of the spectrum is converted to a delay. Shown are the spectra and line fits for two different time periods. Negative slope indicates that transmission appears to begin in the EC, positive slope that it appears to begin in the OB. B: Results from all four rats showing the apparent delays for all windows from 1.0 s to 5.0 s. Diamonds mark the delay (in milliseconds) from OB to EC for each 512 ms time window centered at the time on the y-axis, negative values indicating that the EC signal leads the OB signal in the 10-30 Hz band. The dotted line shows the -10 ms cutoff used to identify the minimum lag for apparent centrifugal transmission from the EC to the OB. Points below this line indicate possible centrifugal activity. Points above the line indicate that the predominant activity is from OB to EC in that time window. Vertical arrows show the onset of the odorant stimulus, horizontal bars after 4 s show the average response time with the standard deviation for each data set. All rats show at least one time window prior to the stimulus onset where centrifugal activity dominates. Three of the four rats show an additional event just prior to the average response, z-coh = z-coherence. response and the filtered OB theta band activity, which coincides with respiration (up = inhalation).
Horizontal bars indicate the penalty period (gray) and the odor stimulus (black). B: Vertical lines measure the apparent lags (in milliseconds) between 0.256 s windows with the same peak frequency. The dotted line shows the -10 ms cutoff used to select centrifugal events. (Only those with the EC leading the OB by 10 ms or more were selected.) Asterisks mark the events with correlation > .5, and circled asterisks are those events with high correlation and a lag of less than -10 ms. The bottom trace is the response indicator (with the bar press shown by a step function). Apparent centrifugal events (circled asterisks) occur during the expectation period and prior to the response. In this trial they also occur with the onset of the reward. The centrifugal events are collected and their distributions are analyzed to determine their deviance from uniform ( Figure 7 ). msec = milliseconds; OB = olfactory bulb; PPC = prepyriform cortex; EC = entorhinal cortex; DG = dentate gyms.
al., 1993), then the EC and DG may be dynamically associated with the olfactory areas during odor recognition. At other times the DG is uncoupled from the OB, whereas in resting rats the lateral EC appears to be more highly coupled than in rats awaiting an odor stimulus. The lateral EC also is functionally connected to the olfactory system through the preafferent signal to the OB prior to the expected odor stimulus. Thus, the relationship of the lateral EC with the olfactory system may depend on the rat's behavioral state. In resting but alert rats, the EC may be simply driven by the olfactory input in the low gamma band, whereas during preafference, the EC appears to take a more active role by providing the preafferent signal. The anatomy of these brain regions has long suggested an intimate connection of the olfactory system with the hippocampal system. Stellate cells in the EC receive direct OB mitral cell projections and themselves project directly to the DG granule cells (Schwerdtfeger, Buhl, & Germroth, 1990) . Others have suggested that the olfactory and limbic systems together make up a larger system, known historically as the rhinencephalon (review in Girgis, 1970) . More recently, the lateral EC has been shown to be involved in odor sampling in cats (Boeijinga & Lopes da Silva, 1988 . The field potential activity from the OB and the hilus of the DG have been linked in very specialized odor responses (Heale, Vanderwolf, & Kavaliers, 1994; Vanderwolf, 1992 populations within the OB, may help to stabilize the system and to maintain it in an aperiodic, and thus dynamically flexible, state (Freeman, 1994) . Other roles for centrifugal input were postulated to be modulation with respect to attention, motivation, and learning (Becker & Freeman, 1968; Gray, Freeman, & Skinner, 1986) . Earlier studies have shown changes in the OB EEG spatial patterns of amplitude with learning and meaning (Viana Di Prisco & Freeman, 1985) . We have proposed previously that the low-frequency respiratory wave present in the OB provides generalized biasing to the OB, priming it to receive the afferent volley (Freeman, 1994; Kay et al., 1996) . We interpret the midrange beta band preafferent signal prior to the onset of the odor stimulus as a more specific biasing signal, perhaps related to the expected stimulus or to the reward. These two biasing signals, combined with what may be an already trained neural cell assembly in the OB (Skarda & Freeman, 1987) , PPC, or both, may prepare the olfactory system for recognition of an expected stimulus, allowing the system (and the animal) to quickly identify a known and expected odor. Thus, the input would arrive into a dynamical environment primed for it. In this case, only one sniff or a very small input would be sufficient to push the system into the state of recognition. This recognition we characterize by an animal's behavior and by the relationships among the parts of the system. The preafferent signal may originate in an as yet undetermined structure, but a main source in this subset of brain regions appears to be the EC. However, the EC's position as the recipient of multimodal sensory input and as the major source of input to and the recipient of output from the HPC argues for a functional role in multimodal perceptual control.
Conclusion
Behavioral study of olfactory and limbic physiology has allowed us to see several perceptually linked phenomena at the scale of neural populations that might otherwise be undetectable without the use of awake, behaving animals. Frequency analysis of activity in the olfactory and limbic regions shows that bidirectional activity in several bands is ongoing and that relative levels of power in the various frequency bands are altered with the phase of perceptual activity. High periodicity in the gamma band and near locking of the olfactory cortex and bulb are associated with expectancy or alert resting, whereas less periodic population activity is associated with identification of a learned odor. Centrifugal beta band input from the entorhinal cortex to the olfactory bulb may be ongoing in motivated animals but is associated with expectation of the learned odor stimulus and may act as a perceptual tuning mechanism in attention or focused arousal. The OB can be described heuristically as a dynamical system with an attractor for each class of learned odorant, and the EC input can be interpreted as biasing the dynamical landscape to enlarge the basin of attraction for an expected odorant.
The decrease of oscillatory activity may be a significant event, indicating change from the normal ongoing highpower gamma band oscillations as a maintenance of the status quo to a more disordered or complex activity at the population level necessary for stimulus identification. It is these low amplitude, broad spectrum waveforms that carry odor-related information in their spatial patterns of amplitude modulation (Freeman & Viana Di Prisco, 1986) . With these data, we were unable to examine the relationship of these population phenomena to changes in the ongoing single-unit activity or the field properties of small groups of neurons, which may prove to be locally oscillatory against the aperiodic background.
The results presented here suggest that the classical notion of the combined olfactory and hippocampal systems as the rhinencephalon may be functionally and dynamically correct, with the hippocampal system bidirectionally coupled to the olfactory system during odor recognition.
